This research explores to what extent people's work locations are similar to that of those who live around them. Using the Longitudinal Economic and Household Dynamics data set and the US census for the Twin Cities (Minneapolis-St. Paul) metropolitan area, we investigate the home and work locations of different census block residents. Our aim is to investigate if people who live close to one another, also work close to one another to a degree beyond what would be expected at random. We find a significantly non-random correlation between joint home and joint work locations. Further, we show what features of particular neighborhoods are associated with comparatively higher incidences of people sharing work locations. One reason for such an outcome can be the role neighborhood level social networks play in locating jobs; or conversely work place social networks play in choosing the home location or both. Such findings should be used to refine work trip distribution models that otherwise depend mainly on impedance between the origin and destination.
Introduction
Travel is driven by a need to engage in activities. While the particular activities that people engage in depend on their particular lifestyles and the social, cultural and economic classes they belong to, the set of locations readily available for those activities also depends on other medium and long term decisions they make. These include medium term decisions such as auto ownership and mode choice, and long term decisions such as the choice of residence and workplace. These decisions along with the drive to engage in different activities lead to the urban transportation reality. Hagerstrand (1970) presented his space-time prism model in which individuals have to exist within a time-space continuum where there are multiple constraints. If one is to agree that travel in itself has no intrinsic value (see Mokhtarian et al. (2001) for an opposing view), then the constraints imply that people would choose closer locations to their work or home rather than further ones for their other activities, all other things equal (provided they know about them). The core question for workers is where they live and work. Once these two decisions are made at the individual level, the set of alternatives for other routine tasks at least will be narrowed by proximity to the home, work or the path between the two.
There are multiple mechanisms in which peoples' home and work locations can have a non-random relationship both in terms of where the person lives and works as well as with whom they live and work. Some of the selection criteria that individuals use in selecting home or work locations would certainly include proximity and travel cost between home and work. In addition home location decisions can be driven by people wanting to be close to those that are more like them. But there may also be other less commonly studied but important factors at play. Location decisions can be a result of information flow at the workplace or at the home neighborhood. A person may hear about a job opportunity through a contact that lives close to them. Or they may hear of a location for sale from a work contact. The result would be that we would find more people who live and work in closer proximity to one another than would be randomly expected.
Inclusion of such mechanisms into trip distribution models would improve some of the problems underlying trip distribution models, specifically that of work-bound trips. Trip distribution addresses the question of where people engage in activities. It is used to match origins and destinations and often uses aggregate zonal variables to estimate the level of interaction between zones by travelers. Trip distribution models have used several approaches, the most well known of which are the Fratar growth factor models developed in Cleveland in the 1950s, the gravity model (Voorhees, 1956) , and intervening opportunities model (Stouffer, 1940) . Of these the most popular is the gravity model which has been used for a variety of urban and regional models (Easa, 1993a,b) .
The basic idea behind the gravity model is that the number of trips between any two areas is directly proportional to the size (or some measure of opportunity) of the two areas and inversely proportional to the separation/cost between them. Separate models are often fit, differentiated by trip purpose. While the gravity model provides a good empirical fit for the number of trips of a given duration (0-5 min, 5-10 min, etc.), there are practical shortcomings arising from how the gravity models are estimated. These models are based on surveys typically of one percent of the population to develop models of destination choice. Inaccuracies arise for some very basic reasons, a region with, say, 1000 traffic analysis zones will have 1000 possible destinations, a large fraction of them are approximately isochronic from an origin. There are 1000x1000 possible Origin-Destination pairs, most of which have no trips, and a one percent sample cannot successfully map that set. This points to the need for other measures of association between origins and destinations, possibly at much smaller scales than traffic analysis zones.
Starting with the decision of where to live, it is clear that the residential decision depends on a variety of factors that each individual weighs in a unique way. These factors include house prices, factors such as age, whether they are married or not, whether they have children, where they work, where their friends live, at what stage of their career they are at, and what their outlook for their own future is, among others. Each individual weighs the different factors that come into a residential decision differently.
There is evidence that neighborhoods exhibit some level of homogeneity. There is for example considerable segregation along racial lines in the housing market in large urban areas in the US (Massey and Denton, 1989) . Several rationales have been proposed for its existence including perceived social class difference, in-group preference (Clark, 1992) , and prejudice (Massey and Denton, 1993; Bobo and Zubrinsky, 1996) . Schelling (1978) demonstrates a model where small differences in tolerance for other colors lead to segregation. Jargowsky (1996) also found that segregation along income lines after controlling for racial segregation. Neighborhood concentrations along age also appear to be present (Chevan, 1982) .
These observations in levels of homogeneity exhibited by neighborhoods may extend to work locations or types of work that residents of a neighborhood perform. In particular, it can be hypothesized that just as both complementary and competitive businesses co-locate in particular sectors (Porter, 2000) and similar houses and incomes are found in the same residential neighborhoods, that there is affinity between where (and in what sector) people work and where their neighbors work. This would mean that certain residential neighborhoods produce more workers for a given employment district and in a given industrial classification than can be explained by travel time and income alone. Moreover it is hypothesized that people in similar (but spatially separated) neighborhoods are more likely to work at the same location than people in dissimilar neighborhoods.
There is a tradeoff to be made between where to live and where to work. The commute time is a daily cost for workers. They may wish to minimize the extent of this cost, but as hinted earlier, a variety of other factors property price, school district, safety, location of industry, firm prestige make the balance a tricky one. In light of these considerations, the role of commute time may not be primary. In fact below a certain threshold the key to location decisions may be the ways in which job finding or home finding has been carried out. For example the possibility of finding information about a job through neighbors or neighbors of neighbors (or about a residential location through work contacts) implies an incidence of people who live close to one another and work together. Coupled with information about the spatial separation of work and home, understanding and explicitly including such mechanisms should improve the prediction of matching origins and destinations and improve trip distribution models. Granovetter (1974) had found that most jobs at least in the professional management and technical fields are found via personal contacts ( 56.8 percent). The approach taken in the economics job search literature has been to use search theory to locate people's jobs. The job search process is tackled from the paradigm of a rational decision maker. A review is provided in Devine and Kiefer (1993) . The importance of social networks and the contacts that put employer and employee together have for the most part not been modeled in these approaches. Pointing to the inadequacy of models that assume rationality in the job search and overlook the importance of social networks, Granovetter (1974) explains "job finding behavior is more than a rational economic process -it is heavily embedded in other social processes that closely constrain and determine its course and results."
A year prior in 1973, he had shown which particular ties were important in relaying information to finding a job (Granovetter, 1973) . He found that weak social ties, rather than strong ones with close family members and friends, are instrumental in relaying information that makes job finding possible. The rationale is that these individuals tend to move around in different circles from the job searcher and therefore are more likely to have information that the job seeker doesnt have. People that have strong ties to the searcher are more likely to know the same information as the searcher, and therefore are not very useful in relaying new information. While pointing out that core relations around the individual are geographically dispersed, Wellman (1996) also shows that a large number weaker ties are still present at the neighborhood level and at the workplace.
In the next section we will discuss the data that we used to test the extent to which individuals share home and work locations. That is followed by the measure of association used and finally an investigation of the factors that lead to comparatively higher proportion of work place incidence between residents.
Data
The Minnesota Longitudinal Employer-Household Dynamics (LEHD) data includes residence and employment location information for each individual employed in the State of Minnesota (excluding self-employed and certain sales personnel) aggregated at the census block level. In this analysis we use the 2002 LEHD OD data for Minnesota. In addition block level demographic data from the 2000 Census is also used. For the first illustrative part of the analysis we use randomly selected areas from the seven county Twin Cities (Minneapolis-St. Paul) metropolitan area 1 and the 2002 LEHD data. The second part of this study which looks at how co-location at work is distributed in the metro area for residents of each census block in the metro area uses data from these sources that satisfy the following criteria:
• the origin and destination blocks are located in the metro area
• the origin had at least two workers originating from it to a metro area work block.
Measures of Association
We are interested in (i) whether work census block sharing among people who share a home census-block is higher than what we would expect randomly and (ii) which neighborhoods exhibit relatively larger instances of home-work sharing. If true, the first of these questions would indicate the presence of coordination mechanisms among people in their choice of home and work locations. This could happen for instance by flow of information between people who either live together or work together about jobs or residences. The latter would explain what type of neighborhoods exhibit it strongly relative to others.
We measure the extent of home-work matching by building adjacency matrices for residents of the areas we select. We define co-location at the home neighborhood as sharing a census block for residence and similarly sharing a census block for work is defined as co-location at work. For a selected area that has n people, the adjacency matrices for home (H) and for work (W ) will be nXn. Cell [i, j] will have a value 1 if person i and person j share a home location or 0 otherwise. If we use a single census block as the residential unit, then all entries of H save the diagonal elements will be 1s (everyone in the block lives everyone else). The interest then will be on the work matrix W , which tells us how many of the people that could potentially work together actually do. Both H and W are symmetric matrices (0 when absent, 1 when present), and the diagonal elements are meaningless. For an area that has n residents, there are n(n − 1)/2 possible relationships both at home and work.
To answer whether work census block sharing is higher among people who share a home census-block than would be expected randomly, we start by selecting an area consisiting of multiple census blocks. We then build adjacency matrices as described above and use three alternate measures of association between the built H and W matrices. These measures are simple matching, Jaccard Coefficient, and graph correlation.
Simple Matching: The simple matching coefficient measures to what extent the two matrices at the home and block level are similar entry by entry. There are n(n − 1)/2 relationships defined in each matrix. This measure tells us what proportion of these relationships are the same both for both the home and work adjacency matrices. For instance a 0.6 value means 60 percent of the relationships defined both at home and work are the same (absent at both or present at both).
Jaccard Coefficient: The Jaccard coefficient looks at what proportion of possible ties are matched between the home and work location relationships. This measure ex-cludes all values that are matched 0s in the home and work adjacency matrices.
Correlation: Measures the simple Pearson correlation calculated by converting the home and work adjacency matrices into column vectors.
Density: To investigate to what extent residents of each census block work together, we will use the tie density on the work matrix (W ). The density measures what proportion of possible ties are realized. When looking at each block, because the entries of the H matrix are all ones, the simple matching, as well as the Jaccard coefficient are equal to the density. For a census block with n people living in it, the density, is a count of 1s in the upper triangle of the matrix divided by n(n−1)/2. This value is calculated for the workers in each of the origin blocks of the metropolitan area using the 2002 LEHD data and used in a later section to investigate what block level characteristics can explain the observed differences in workplace tie densities for residents of different census blocks in the Twin Cities.
To test whether the observed home-work co-location as measured above is larger than what is expected randomly, we employ a method that is called quadratic assignment programming (QAP) (Simpson, 2001) . The process compares the measure between the observed adjacency matrices with a similar measure calculated after repeatedly permuting one of the matrices. The permutation process simply reassigns the relationships in the work matrix for example, while maintaining the home relationships. Whereas person i might have worked with j and k previously, she would now take the place of another person l while someone else, say p may now work with j and k. The process in the end ensures there are groups of people such that the employment level by block is preserved (e.g. three people going to block B is maintained, while it may not be the the original three). Figure 1 illustrates what the process does. Under permutation, the number of people leaving a block are unchanged, employment levels at each of the destinations are maintained even though the employees are now pulled from different blocks than were earlier.
It should be noted that the permutation process itself is blind to the assignment of people to destination blocks. Under permutation, we are maintaining the number of people that are related while their identities are changed. By selecting census blocks that are close to one another, we are also maintaining the overall origindestination distance distribution. So under permutation (i) home locations remain unchanged (ii) employment levels at destinations remain unchanged and (iii) the over all distance distribution also remains relatively the same. The latter is true because we select a group of blocks that are very close to one another. By doing the permutation of the W matrix repeatedly and calculating the measures between H and W at each iteration, we can build a distribution of measures under random assignment. By comparing the observed measure against this distribution, we can then see if the observed co-location arrangement differs from what happens under a random co-location structure.
We perform the analysis on groups of census blocks randomly chosen in the cities of Edina and Brooklyn Park, Minnesota, part of the Twin Cities region. We will present the detailed results for one group of blocks in Edina and summarize the results for the remaining groups of census blocks. The first group of blocks in Edina contains fifteen census blocks that are adjacent to one another. The selected area contains 495 workers, going to 235 census blocks for work. Under permutation, people are assigned new co-location relationships at the work location (and therefore assigned new distances). The area is demographically relatively homogeneous as compared to the city of Edina as a whole. Figure 2 shows the distribution of racial makeup, average family size, and median age in the census blocks of the city of Edina and the first group of blocks. Figure 3 shows that the overall distance distribution does not change under permutations while figure 4 shows the new distances assigned under permutation for people whose OD distance is shown along the X axis. Four permuted cases were randomly selected out of a thousand for figures 3 and 4 and these illustrate that while the individual level distances will change under permutation, the overall distribution of distance remains the same. Figure 5 shows the results of the QAP analysis using all three measures discussed above. In each case, while the magnitude of the measures are low, they exist to a degree that cannot be easily replicated by assigning people to new locations. The observed measure is indicated by the dotted line. The results for three other groups of blocks in Edina and four groups of blocks in Brooklyn Park are given in Table 1 .
What the results suggest is that there are possible mechanisms that lead to colocation decisions that are different from expected at random. The next section examines what features of home blocks lead to relatively higher association at the work block. 
Explaining Tie Density
For the block level study, we look at the densities calculated for the work relationships of each of the blocks described in the data section. We use a logit model to predict the proportion of ties at the work place using characteristics of the home block. The results reveal interesting relationships between block level demographic and economic variables and the location of the blocks in the metro area relative to downtown Minneapolis.
The proposed model is as follows:
where:
The tie density D: The average block center to block center distance (miles) of the home block to all the blocks that it sends workers to L: The distance from the center of the Twin Cities to the home block R: The majority race in the block A: the median age in the block H: the percentage of one person households in the block O: the percentage of owner occupied households in the block F : the average family size in a block
The distribution of these area characteristics in the study area is given in Table 2 . Initial fitting showed over dispersion of the data and therefore scale was estimated from the model that included all two way interactions. The scale was used when estimating the model shown in Table 3 .
The results indicate that residents who lived in blocks where the average work location is farther away have, on average, a 2.6% lower odds of sharing a work location with their neighbors in the same census block for each additional mile. The proposed model shows that as the average radius of possible work locations from a home block is reduced, so are the number of blocks that have work opportunities for residents. Naturally, this would lead to a higher probability of people from a given home block traveling to the same block for their work locations.
The results show that as compared to residents of blocks that are within 5 miles of the center, residents of blocks located in rings at 5-10 miles and 10-20 miles from the center have a 14.6% and 6.5% lower odds to share a work location with someone in their own home block. However, outside a 20-mile radius from the center, we found a 27.2% higher odds of association between home and work location as compared to the 0-5 mile ring.
Although the majority of home blocks are predominantly White, a fraction of the blocks (about 4%) have populations that are predominantly Black, Asian, or "Other" (which includes Native American, Hispanic, or mixed communities). Compared to blocks that are predominantly White, blocks where a majority of the population is Asian, or Other have higher tie densities at the work location while differences are not detected between Black and White blocks. Predominantly Asian communities have a 31.4% higher odds of sharing a work location while blocks that are predominantly other-race census blocks have a 7% higher odds than a predominantly white location.
We also find that as the proportion of one-person households goes down in a block, the proportion of workplace ties increases. Although we detected no significant difference between blocks that have more than 25% single-person households, those that have more than 75% multi-person households have 11% higher odds of workplace sharing with those that live around them as compared to the base group that is 75% or over single person household. The finding suggests that location decisions in multi-person households are significantly different that in single-person households. This may be because of within-household effects, where people who live together somehow also share a work location, or because multi-person households have better social networks within their communities that lead to information transfer about jobs/houses.
As the median age in a block group increases, so does the possibility that people who live in that block share a work block as well. The estimates indicate that odds of co-location are significantly higher for each age group as compared to the youngest of blocks. Finally, blocks that have a large number of owner-occupied dwellings have significantly higher incidence of people working together. As the proportion of owner-occupied dwellings goes down in a block, the probability that someone will work with another person in their own residence block also goes down.
Conclusion
Taken together, these results suggest that older, predominantly multi-family household neighborhoods have a higher incidence of co-location at home and work than other neighborhoods. In addition, higher incidence of co-location is apparent in Asian and other minority neighborhoods suggesting that these communities have mechanisms in which co-location is maintained at a higher degree than in White and Black communities. These may in fact be pronounced in areas where new immigrants have settled where they are likely to depend on contacts to find a place of work.
One possible explanation is what we would call the social network paradigm, which posits that people choose home and work locations using information from contacts who are neighbors or co-workers. Location decisions that arise from these information flows could result in people living and working in closer proximity to one another with more frequency than would be randomly expected, all other things being equal. The results from the random assignment study supports such a hypothesis by indicating that the observed correlations between home and work relationship matrices cannot be replicated under random assignment of people to new work blocks.
This argues for creating traffic forecasting models that include the driving forces behind such systemic effects rather than relying on friction measures between origins and destinations. The goal should be to go beyond including demographic variables and understanding what causes the differences observed across blocks.
Coupled with information about the spatial separation between work and home, understanding and explicitly including such mechanisms of location choice would theoretically improve our ability to predict the matching of origins and destinations and thus improve traffic forecasting models. In addition such findings give us hope for exploring innovative solutions to encourage car-pooling among people who live and work close to one another, and in job-matching for people who are under or un-employed.
